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Abstract— Existing transmission corridors in power systems 
have to be efficiently utilized because new transmission systems 
are expensive and the realization is complex and time 
consuming. Upgrading existing AC transmission systems by 
adding DC circuits is a potential solution for increasing the 
transmission capacity of a corridor. It results in an AC and DC 
hybrid transmission system in which the converter stations at 
the ends must participate in the steady-state and dynamic 
control strategy of the interconnected power system. In this 
paper the control structure of the High Voltage Direct Current 
converter is introduced and the dynamic response of an AC and 
DC hybrid transmission system during AC grid faults in the 
interconnected power system is investigated. 
Index Terms—Control, Converter, High Voltage Direct Current, 
Hybrid Transmission System, Negative Sequence 
I. INTRODUCTION 
New Generation centers (e.g. renewable energy sources) 
are often located near to the resource in remote areas. Thus 
electrical power systems face nowadays the problem of 
limited transmission capability, especially in densely 
populated and industrialized areas. Furthermore new 
transmission systems are expensive and require a complex and 
time consuming approval and realization process. 
Upgrading the existing High Voltage Alternating Current 
(HVAC) transmission systems by adding new High Voltage 
Direct Current (HVDC) circuits or replacing one circuit of a 
double circuit HVAC system with a new HVDC circuit seems 
to be one method to significantly increase the power transfer 
capacity of transmission corridors. Here the modern Voltage 
Source Converter (VSC) based HVDC technology promises to 
be an attractive proposition. The resulting AC - DC hybrid 
transmission system (Fig. 1) [1,2,3,4] has advantages with 
respect to the control of the active power flow, the reactive 
power management at the sending and receiving ends (SEC 
respectively REC) on account of the possibility of decoupled 
control of active and reactive power in the HVDC converter, 
reduced voltage drop and lower losses when used for long 
distant power transfer and a controllable response of the 
HVDC converters during grid faults. Disadvantages are the 
high investment costs and space requirements of the HVDC 
stations, the limited overload capability and the small short 
circuit current contribution of the converters, which makes 
fault detection and isolation difficult. 
In this paper the dynamic response of an AC - DC hybrid 
transmission system during balanced and unbalanced AC grid 
faults is investigated. Hereby different dynamic control 
configurations of the HVDC converter are implemented and 
tested. The focus of the study is to observe the interaction 
between the AC power systems with the controllable HVDC 
stations during fault conditions. 
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Fig. 1.  Hybrid tower 
II. TEST SYSTEM 
For analyzing the dynamic behavior of an AC - DC hybrid 
transmission system the test system of Fig. 2 is used. Hereby 
two AC grids (Grid 1 and Grid 2) are modeled using their 
Thévenin equivalent circuits. Both have the nominal voltage 
of 400 kV with a fault level of 8 GVA. Magnitudes and phase 
angles of both AC grids have been adjusted according to the 
initial power flow results in the AC transmission circuit. 
The two AC grids are connected through a 200 km AC 
overhead transmission line and a 200 km bipolar DC overhead 
transmission line operating in parallel to one another. The 
nominal voltage for the bipolar DC circuit is 760 kV. At the 
ends of the DC transmission lines the HVDC stations are 
connected to the AC system. Here two converters constitute 
one station where one converter is controlling the positive 
against neutral power flow while the second converter is 
regulating the power flow between the neutral and negative 
pole. This complex configuration allows various operational 
modes (symmetrical bipolar mode, unsymmetrical bipolar 
mode and different monopolar modes) [5]. For this study only 
the symmetrical bipolar operation mode is considered. Each 
converter has a nominal active power of 1 GW resulting in an 
overall nominal power of 2 GW per station. The converters 
are connected to the AC grid via transformers in order to 
guarantee an appropriate modulation level between the AC 
and DC voltage.  
Modern HVDC systems are equipped with modular multi-
level converters; but in this study standard two-level systems 
with DC capacitor are used in order to reduce the level of 
complexity. Each converter is equipped with an independent, 
local control system for a separate control of active and 
reactive power in positive and negative sequence. The current 
overloading capability of each converter is selected as 1.1 p.u. 
The hybrid transmission system is operating at a unity power 
factor at both ends, so that the HVDC stations are 
compensating the reactive power demand of the AC 
transmission lines. 
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Fig. 2.  AC - DC hybrid transmission test system 
Two different grid faults are investigated in this study. 
Firstly a balanced 3-phase, distant fault, i.e. 30 km from AC 
grid 2 and a second unbalanced distant line-to-line fault at a 
location 30 km from AC grid 1. The overhead transmission 
system was assumed to be based on 4 x 265/35 Al/St 
conductors. The mutual coupling between the DC and AC 
overhead lines is not in the main focus of this article and 
seems to be controllable because a pilot project [4] is in the 
development phase. 
III. CONTROL STRUCTURE 
Fig. 3 and Fig. 4 show the voltage oriented space vector 
control of the inner current loop used in the HVDC converters. 
In Fig. 3 the positive sequence (Index 1) control with feed 
forward and cross-coupling terms are depicted while the 
identical design of the negative sequence (Index 2) control, 
only with negative sequence quantities, is shown in Fig. 4. As 
a reference for the negative sequence control in steady-state 
the positive sequence phase angle is used, while under 
unbalanced fault conditions the alignment switches to the 
negative sequence phase angle, guaranteeing the correct 
orientation [6]. 
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Fig. 3.  Inner positive sequence current control 
2-je Θ
0
2i
∠ 0
2,Converterv
∠
2
2,d,refi
∠Θ
2
2,q,refi
∠Θ
2
2,dv
∠Θ 2
2,qv
∠Θ0
2v
∠
( )02,steady-state 1 2,dynamic 2, but arg vΘ Θ Θ ∠= =
2
2,qi
∠Θ
2
2,di
∠Θ
2-je Θ
Converterj lω
I2
I2
11K sT
⎛ ⎞+⎜ ⎟⎝ ⎠
2je Θ
I2
I2
11K sT
⎛ ⎞+⎜ ⎟⎝ ⎠
 
Fig. 4.  Inner negative sequence current control 
The reference space vector for the voltage of the converter 
consists of positive and conjugate complex negative sequence 
space vector ( 0 0 * 0Converter 1,Converter 2,Converterv v v
∠ ∠ ∠= + ). 
While the inner current control loops are identical for both 
stations, for the outer control loop a distinction has to be made 
between active power control and dc voltage control mode. 
Thus the active current reference (d-axis) of the positive 
sequence is different. Fig. 5 shows the active power controller 
with the capability to reduce the reference active power in 
case of a DC overvoltage due to a power imbalance between 
AC and DC side of the converter. This eliminates the need for 
a DC chopper. 
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Fig. 5.  SEC outer active power control with limitation via DC voltage 
Fig. 6 shows the DC voltage controller that maintains the 
DC voltage at its reference. 
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Fig. 6.  REC outer dc voltage control 
The reference for the negative sequence d-axis is zero. 
The outer control loop of the reactive current (q-axis) of 
the positive and the negative sequence are demonstrated in 
Fig. 7 and Fig. 8. In the outer positive sequence voltage 
control, the dynamic current reference is added to the steady 
state reference which changes slowly. There are various 
control options for calculating the steady state reference, such 
as reactive power, power factor or voltage control. In the 
dynamic part the pre-fault voltage is filtered with a long time 
constant of 60 s, thus it is nearly constant during the duration 
of the fault events. The multiplication with the gain k1 
corresponds with a proportional controller and represents the 
dynamic voltage control. The lead-lag compensator guarantees 
a fast but controlled response of this proportional control. The 
reactive current in case of undervoltage has to be capacitive. 
The dynamic part of the outer negative sequence voltage 
control is quite similar to that of the positive sequence but 
with two differences. Firstly a deadband is implemented 
overcoming the difficulty of negative sequence phase angle 
estimation for a small magnitude of negative sequence voltage 
[6] and secondly the reactive current has to be inductive. In 
steady-state the negative sequence voltage control is inactive. 
In this study the gains k1 and k2 of each converter are variable 
and are set to zero (deactivation) or to two (with reactive 
current priority). The adjustment of the gains should consider 
site-specific aspects and control priorities of the transmission 
system operator. 
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Fig. 7.  Outer dynamic positive sequence voltage control 
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Fig. 8.  Outer dynamic negative sequence voltage control 
 
 
IV. SIMULATION RESULTS 
A.  3-phase fault 
 
 
 
 
 
 
 
Fig. 9.  Simulation of a 3-phase fault with dynamic voltage control 
 
 
 
 
 
 
 
 
 
 
Fig. 10.  Simulation of a 3-phase fault without dynamic voltage control 
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B. Line-to-line fault 
 
 
 
 
 
 
 
 
Fig. 11.  Simulation of a line-to-line fault with dynamic voltage control 
 
 
 
 
 
 
 
 
 
Fig. 12.  Simulation of a line-to-line fault without dynamic voltage control 
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C. Discussion 
In Fig. 9 and Fig. 10 the results for the distant 3-phase 
fault near the SEC of the HVDC (station 2) are shown. In Fig. 
9 the dynamic voltage control of the HVDC stations is 
activated (k1 = 2 p.u.) while in Fig. 10 the dynamic voltage 
control is deactivated (k1 = 0 p.u.). The results of Fig. 9 point 
out that in case of priority for dynamic voltage control the 
active current of HVDC station 2 has to be reduced because 
the voltage at the terminal of HVDC station 2 drops to zero 
(ca. 0.4 p.u.). This reduction of active current at HVDC station 
2 leads to a reduction of the power in the DC link. 
Consequently the DC voltage drops slightly after fault 
occurrence and the active power at the receiving end of 
HVDC station 1 is also reduced as a result. The active power 
flow of the entire hybrid transmission system is reduced to 
0.22 p.u., transmitted only by the HVAC transmission system. 
In Fig. 10, where the dynamic voltage control is deactivated, 
the current capability of HVDC station 2 is only used for the 
active current. Thus the power in the DC link doesn’t drop to 
zero in this case and still transmits 0.3 p.u. power. Comparing 
Fig. 10 with Fig. 9 the entire hybrid system active power flow 
without dynamic voltage control (0.33 p.u.) is higher than with 
dynamic voltage control (0.22 p.u.), but the voltage at the 
terminal of HVDC station 1 and 2 is lower (0.33 p.u. to 0.41 
p.u. at station 2 and 0.8 p.u. to 0.85 at station 1). 
In Fig. 11 and Fig. 12 the results of the distant line-to-line 
fault near the terminal of the REC of the HVDC (station 1) are 
visualized. In Fig. 11 the dynamic voltage control of the 
HVDC stations is activated (k1 = k2 = 2 p.u.) while in Fig.12 it 
is deactivated (k1 = k2 = 0 p.u.). In Fig. 11 the dynamic voltage 
controllers in positive and negative sequence increase the 
reactive current in positive and negative sequence 
dynamically. The reactive current is equally distributed in 
positive and negative sequence considering the current 
limitations of the converter. Consequently the positive 
sequence active current has to be reduced which leads to an 
immediate power reduction in the DC link in station 1. Hence 
the DC voltage increases because the SEC (station 2) still 
feeds active power into the link. The positive sequence active 
power controller of the SEC with limitation via DC voltage 
(Fig. 5) reacts immediately after the DC voltage exceeds the 
limitation and reduces the positive sequence active power 
feed-in. Thus the DC voltage increase can be stopped at ca. 
1.3 p.u., abating in time. In Fig. 12 the dynamic voltage 
control is deactivated. In this case, the entire current capability 
of the REC (station 1) is used for the positive sequence active 
current. So a DC link power of 0.75 p.u. can be transmitted, 
but containing power oscillations of twice the nominal 
frequency. As a consequence the entire positive sequence 
active power flow of the hybrid transmission system is ca. 
0.75 p.u. and thus significantly higher than the 0.47 p.u. 
positive sequence active power flow of the entire system with 
dynamic voltage control. 
Furthermore with Fig. 11 and Fig. 12 the effect of the 
dynamic voltage control in positive and negative sequence can 
be compared. At HVDC station 1 the positive sequence 
voltage is increased from 0.64 p.u. to 0.67 p.u. while the 
negative sequence is reduced from 0.32 p.u. to 0.28 p.u.. At 
HVDC station 2 a similar tendency can be observed, but 
compared to the voltages at HVDC station 1 the influence of 
the fault is not that significant due to the line impedance 
between Station 2 and fault location. 
V. SUMMARY AND CONCLUSIONS 
The VSC HVDC stations of an AC - DC hybrid 
transmission can provide dynamic voltage control in positive 
and negative sequence during balanced and unbalanced grid 
faults. Considering the current limitation of the HVDC 
converters the necessary reactive current in positive and 
negative sequence can lead to a positive sequence active 
current limitation so that the power flow in the DC link has to 
be reduced. Consequently the power transfer of the entire AC 
- DC hybrid transmission system is reduced. Thus the 
interconnected power system has to deal with a dynamic 
active power imbalance. But on the other hand the dynamic 
voltage control of the HVDC stations can significantly 
increase the positive sequence voltage and decrease the 
negative sequence voltage in case of unbalanced faults. 
When the priority is maximum power transfer in the DC 
link, the HVDC stations are forced to supply only positive 
sequence active current and no dynamic voltage control is 
possible. This means the converters cannot provide voltage 
support by injecting reactive current and thus the fault voltage 
at the terminal of the HVDC stations remains uncontrolled. 
The decision between dynamic voltage control and 
maximum power transfer via the DC link of the HVDC in an 
AC - DC hybrid transmission system is a trade-off. Here a 
general conclusion is difficult because several, site-specific 
aspects such as short circuit power ratio between the HVDC 
and the interconnected AC network, operating point of the 
HVDC, fault type and distance to the fault location, structure 
of the interconnected AC networks, etc., have to be 
considered. It is also possible to combine both approaches by 
not giving priority to the reactive current, but by distributing 
the current capacity over the active and reactive current. 
Furthermore the proposed control structure shows that the 
DC voltage can be kept within acceptable limits during grid 
faults without using a DC link chopper. 
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